Voltage-gated sodium channels (Na V s) are key therapeutic targets for pain, epilepsy and cardiac arrhythmias. Here we describe the development of a no-wash fluorescent sodium influx assay suitable for high-throughput screening and characterization of novel drug leads. Addition of red-violet food dyes (peak absorbance range 495-575 nm) to assays in HEK293 cells heterologously expressing hNa V 1.1-1.8 effectively quenched background fluorescence of the sodium indicator dye Asante NaTRIUM Green-2 (ANG-2; peak emission 540 nm), negating the need for a wash step. Ponceau 4R (1 mM) was identified as a suitable quencher, which had no direct effect on Na V channels as assessed by patch-clamp experiments, and did not alter the pharmacology of the Na V 1.1-1.7 activator veratridine (EC 50 10-29 μM) or the Na V 1.1-1.8 inhibitor tetracaine (IC 50 's 6-66 μM). In addition, we also identified that the food dyes Ponceau 4R, Brilliant Black BN, Allura Red and Amaranth are effective at quenching the background fluorescence of the calcium indicator dyes fluo-4, fura-2 and fura-5F, identifying them as potential inexpensive alternatives to no-wash calcium ion indicator kits. In summary, we have developed a no-wash fluorescent sodium influx assay suitable for high-throughput screening based on the sodium indicator dye ANG-2 and the quencher Ponceau 4R.
Introduction
Voltage-gated sodium channels (Na V s) are key therapeutic targets for pain, epilepsy and cardiac arrhythmias. The Na V subfamily consists of nine α subunits (Na V 1.1-1.9), which are responsible for the generation and propagation of action potentials in neurons. The~260kDa proteins form an ion-selective pore which opens upon membrane depolarization to allow influx of Na + [1] . While patch-clamp electrophysiology remains the gold standard for assessing Na V channel function, fluorescence-based assays are routinely used to screen vast chemical libraries for novel drug leads, as these assays are comparatively cheap, high-throughput and less technically challenging to perform [2] . Unlike patch-clamp electrophysiology, fluorescence-based assays provide an indirect measure of Na V channel function, with many a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
FLIPR sodium dye assay
HEK293 cells stably expressing Na V 1.1-1.8 were plated at a density of 10,000-15,000 cells per well on black-walled 384-well imaging plates and cultured for 48 h. ANG-2 (Abcam) was diluted from a 10 mM stock in DMSO to 10 μM in physiological salt solution (140 mM NaCl, 11.5 mM glucose, 10 mM HEPES, 5.9 mM KCl, 1.4 mM MgCl 2 , 1.2 mM NaH 2 PO 4 , 5 mM NaHCO 3 , 1.8 mM CaCl 2 , pH 7.4) with or without the presence of the quenchers Brilliant Black BN, Carmine, Ponceau 4R, Allura Red and Amaranth at the concentrations stated. Growth media was removed and replaced with ANG-2 solution (20 μL/well) and cells were incubated in the dark at 37˚C for 30 min. The change in fluorescence was measured (excitation 470-495 nm, emission 515-575 nm) every 1 s after addition of compounds using the fluorescence imaging plate reader FLIPR TETRA (Molecular Devices) for the durations stated, and analysed using ScreenWorks (Molecular Devices, Version 3.2.0.14). To quantitate the effect of quenching, the average relative light units corresponding to 60-100 s after addition of food dyes was used. To quantitate the effect of Na V activators, the area under the curve corresponding to 5 min after the addition of veratridine or 30 min after the addition of deltamethrin was used. To quantify the effect of tetracaine (Sigma Aldrich), a two-addition protocol was used, with pre-incubation of tetracaine for 5 min followed by the addition of veratridine (60 μM) (Alomone Labs) to activate Na v 1.1-1.7 or deltamethrin (150 μM) (Sigma Aldrich) to activate Na V 1.8.
FLIPR calcium dye assay
SH-SY5Y human neuroblastoma cells were plated at a density of 50,000 cells per well and MDA-MB-468 breast cancer cells were plated at a density of 10,000 cells per well on blackwalled 384-well imaging plates and cultured for 48 h. Fluo-4-AM (Invitrogen) was diluted to 10 μM in PSS from a 10 mM DMSO stock with or without the presence of the quenchers Brilliant Black BN, Ponceau 4R, Allura Red and Amaranth (1 mM). FLIPR Calcium 4 no-wash dye (Molecular Devices) and BD Calcium Assay (BD Biosciences) kits were diluted in physiological salt solution as per manufacturers instructions. Growth media was removed and replaced with 20 μL/well fluo-4-AM or commercial assay kits and cells were incubated in the dark at 37˚C for 30 min. The change in fluorescence was measured (excitation 470-495 nm, emission 515-575 nm) every 1 s after addition of compounds using the FLIPR TETRA (Molecular Devices). Raw fluorescence readings were converted to response over baseline using the analysis tool of Screenworks 3.1.1.4 (Molecular Devices) and were expressed relative to the maximum increase in fluorescence of control responses following 5 min incubation of compounds. 
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Whole-cell patch-clamp electrophysiology
Automated whole-cell patch-clamp recordings were performed on HEK293 cells heterologously expressing human Na V 1.7 (SB Drug Discovery, Glasgow, UK) using a QPatch-16 automated electrophysiology platform (Sophion Bioscience, Ballerup, Denmark) as previously described [9] . The extracellular solution consisted of (in mM): NaCl 70, Choline chloride 70, KCl 4, CaCl 2 2, MgCl 2 1, HEPES 10 and glucose 10; pH 7.4; osmolarity 305 mOsm. The intracellular solution consisted of (in mM): CsF 140, EGTA/CsOH 1/5, HEPES 10 and NaCl 10; pH 7.3 with CsOH; osmolarity 320 mOsm. Ponceau 4R (1 mM) was diluted in extracellular solution and incubated for 5 min before running the voltage protocol and compared to timematched buffer controls. Patch clamp experiments were conducted at room temperature. I-V curves were obtained with the membrane potential held at -90 mV and a series of 500 ms step pulses that ranged from -110 to +55 mV in 5-mV increments. Conductance-voltage curves were calculated using the equation G = I/(V-V rev ), where G is conductance, I is peak current and V rev is the reversal potential. Steady-state fast inactivation was tested using a twopulse protocol, with 500 ms step pre-pulses (as above) preceding a 10 ms pulse of -20 mV (repetition interval 6000 ms). Both steady-state activation and inactivation curves were fitted using Boltzmann function.
Data analysis
Data were plotted and analyzed using GraphPad Prism, version 6.0. For concentrationresponse curves, a four-parameter Hill equation with variable Hill coefficient was fitted to the data. Statistical significance was defined as P < 0.05 and was determined by an unpaired t-test assuming equal variance or one-way ANOVA with Dunnett's post-test as indicated. Data are presented as mean±SEM.
Results
Red and violet food dyes have an overlapping absorbance spectra with the emission spectrum of ANG-2 ANG-2 has a peak emission at a wavelength of 540 nm, which is in the green visible color range (490-560 nm), so we hypothesized that red and violet colored food dyes would absorb emissions at this wavelength (Fig 2A) . We therefore assessed the absorbance spectra of a range of red and violet food dyes, as food dyes are commercially available to purchase and are relatively cheap, making them suitable candidates for use as quenchers in high-throughput assay formats. We also assessed the absorbance spectra of the FLIPR Calcium 4 no-wash dye and BD Calcium Assay for comparison. All of the red and violet food dyes tested, including Brilliant Black BN, Carmine, Ponceau 4R, Allura Red and Amaranth, absorbed at wavelengths that overlapped with the peak emission of ANG-2 (540 nm) and the FLIPR detection range (515-575 nm) (Fig 2B) , with varying peak absorbances and ranges ( Fig 2C) . We therefore hypothesized that these dyes could be used to quench background fluorescence in cells loaded with ANG-2.
Addition of a red or violet food dye to cells loaded with ANG-2 effectively quenches background fluorescence
Since red and violet food dyes have absorbance spectra that overlap with the emission spectrum of ANG-2, we next assessed their ability to quench background fluorescence in cells loaded with ANG-2 using the FLIPR TETRA . Na V 1.7-HEK cells loaded with ANG-2 have an average background fluorescence of 2557 ± 34 RFU, which is reduced to 1539 ± 44 RFU with washing ( Fig 3A) . Addition of red or violet food dyes (1 mM) to cells loaded with ANG-2 immediately quenches background fluorescence ( Fig 3B) to levels that are not significantly different from washing (Brilliant Black BN, 1459 ± 34 RFU; Carmine, 1526 ± 71 RFU; Ponceau 4R, 1575 ± 26 RFU; Allura Red, 1505 ± 39 RFU; Amaranth 1451 ± 17 RFU; Fig 3C) . The ability of red and violet food dyes to quench background fluorescence was concentration dependent (Fig 3D-3H 
Pre-incubation of cells with ANG-2 and Ponceau 4R enables a no-wash sodium influx assay without affecting Na V channel function
Since all of the tested red and violet food dyes effectively quenched background fluorescence, we next assessed which food dye added with ANG-2 produced the best fluorescence signal in response to the non-selective Na V activator veratridine, which is commonly used to activate Na V channels in fluorescence based assays [10] . Addition of veratridine (60 μM) to Na V 1.7--HEK293 cells loaded with ANG-2 without washing did not result in a fluorescence signal distinguishable from buffer control (S1 Fig), confirming the need for a wash step or quencher in this assay. In Na V 1.7-HEK293 cells loaded with ANG-2 and washed, veratridine (60 μM) causes an increase in fluorescence, indicative of an increase in the intracellular concentration of Na + in response to Na V channel opening. Addition of veratridine to cells pre-incubated with ANG-2 and a quencher (1 mM) also led to an increase in fluorescence, with responses significantly greater than buffer control addition (Fig 4A) . This indicates that all of the food dyes tested quenched background fluorescence sufficiently to detect an increase in intracellular Na + with ANG-2, although Carmine resulted in a comparatively low signal (Fig 4A) . This may be because carmine crossed the cell membrane and quenched the intracellular signal. While membrane permeability was not measured, an octonol-water partition test identified carmine as the most likely of the quenchers tested to be membrane permeable (S2 Fig). As Brilliant Black BN, Ponceau 4R, Allura Red and Amaranth resulted in a similar veratridine-induced fluorescence response, we chose to use Ponceau 4R (1 mM) for all further experiments, as this quencher is the cheapest to purchase in the form of commercially available food dyes (e.g. Queen Pillarbox Red). Sample traces of the fluorescence response obtained using ANG-2 with Ponceau 4R in Na V 1.7-HEK cells stimulated with veratridine and Na V 1.8-HEK cells with deltamethrin are shown in Fig 4B and 4C . The high-signal to noise in Fig 4B corresponded to a Z' factor of 0.60 (n = 18 wells), as calculated using the method described by Zhang et al, confirming the suitability of the no-wash assay for high-through put screening [11] . No-wash sodium influx assay
To ensure Ponceau 4R (as well as the excipients) does not interfere with Na V channel function, we next assessed effects on the electrophysiology parameters of Na V 1.7 using automated whole-cell patch clamping. Ponceau 4R had no effect on the activation or inactivation kinetics of Na V 1.7 ( Fig 4D) and did not cause a shift in the I-V curve or affect the current size (Fig 4E) . Ponceau 4R also did not cause a significant shift in the voltage-dependence of activation (V 1/2 activation: Δ = -0.96 mV) or voltage-dependence of steady-state fast inactivation (V 1/2 inactivation: Δ = -1.46 mV) at Na V 1.7 (Fig 4F) . This indicates that Ponceau 4R does not directly interact with Na V 1.7 and is therefore a suitable quencher for Na V activity assays.
To further validate the pharmacology of Na V responses in the presence of Ponceau 4R, we next assessed concentration-response curves of representative activators and inhibitors at Na V 1.1-1.8. Consistent with results obtained using membrane potential dyes and patch-clamp electrophysiology, veratridine elicited responses in ANG-2 loaded cells expressing Na V 1.1-1.7 ( Fig 5, Table 1 ) with EC 50 's in the range of 10-29 μM, consistent with previously reported values [12] . As veratridine has little effect on Na V 1.8 in fluorescence-based assays [13] , we used deltamethrin to activate Na V 1.8-HEK cells, which produced a concentration response curve with an EC 50 of 169 μM (Fig 5, Table 1 ). ANG-2 with Ponceau 4R also produced concentration-response curves with the Na V channel inhibitor tetracaine, following stimulation with veratridine (Na V 1.1-1.7) or with deltamethrin (Na V 1.8), producing IC 50 's in the range of 6-66 μM (Fig 6, Table 1 ), which is consistent with closed-state IC 50 's obtained from patchclamp electrophysiology [14] .
Addition of a red or violet food dye to cells loaded with calcium indicators fluo-4, fura-2 and fura-5F effectively quenches background fluorescence
As the absorbance spectra of red and violet food dyes also overlap with the peak emission wavelength of the commonly used calcium indicator fluo-4 (510 nM), we next assessed their Table 1 . Potency of veratridine, deltamethrin and tetracaine on Na V 1.1-Na V 1.8 determined using the no-wash sodium influx assay. No-wash sodium influx assay ability to quench background fluorescence compared to commercial no-wash calcium assay kits. SH-SY5Y cells loaded with fluo-4 have an average background fluorescence of 4243 ± 100 RFU, which is reduced to 1217 ± 9 RFU with the FLIPR Calcium 4 no-wash dye (Fig 7A and  7B ). Addition of red or violet food dyes (1 mM) to cells loaded with fluo-4 immediately quenched background fluorescence (Fig 7A) to levels that were either not significantly different or significantly lower than the commercial kit (Brilliant Black BN, 885 ± 12 RFU; Ponceau 4R, 848 ± 11 RFU; Allura Red, 980 ± 126 RFU; Amaranth 1166 ± 40 RFU; Fig 7B) . In response to stimulation with KCl (100 mM), the fluorescent response over baseline in SH-SY5Y cells loaded with the FLIPR Calcium 4 no-wash dye was not significantly different to fluo-4 preincubated with Brilliant Black BN, Ponceau 4R, Allura Red or Amaranth (Fig 7C) . Addition of the TRPV4 agonist GSK1016790A in MDA-MB-468 breast cancer cells loaded with FLIPR Calcium 4 no-wash dye, BD Calcium Assay Kit, or fluo-4 with quenchers or washing led to a concentration-dependent increase in intracellular calcium (Fig 7D) . While the maximum response size differed between the commercial kits and quenchers, the EC 50 's obtained were similar (EC 50 GSK1016790A: FLIPR Calcium 4 no-wash dye 80 nM, BD Calcium Assay Kit 40 nM, Brilliant Black BN 72 nM, Ponceau 4R 74 nM, Allura Red 64 nM, Amaranth 70 nM, wash 47 nM). Finally, we also tested whether food dyes could also be used to quench the background fluorescence of the calcium indicators fura-2 and fura-5F, which have peak fluorescence emission wavelengths of 510 nm and 506 nm, respectively. Indeed, in MDA-MB-468 breast cancer cells loaded with fura-2 and fura-5F, the maximum response to stimulation with ATP (100 μM) did not significantly differ between washing or pre-incubation with Brilliant Black BN (Fig 7E and 7F) . Concentration-response curves for the Na V channel inhibitor tetracaine at hNa V 1.1-1.8 obtained using a no-wash sodium influx assay ANG-2 and the quencher Ponceau 4R. Preincubation of tetracaine concentration-dependently reduced the fluorescence response caused by addition of veratridine (60 μM; Na V 1.1-1.7) or deltamethrin (150 μM; Na V 1.8) with the following IC 50 's: Na V 1.1 52 μM, Na V 1.2 44 μM, Na V 1.3 36 μM, Na V 1.4 13 μM, Na V 1.5 14 μM, Na V 1.6 66 μM, Na V 1.7 21 μM, Na V 1.8 6 μM. Data are presented as mean ± SEM from three wells.
https://doi.org/10.1371/journal.pone.0213751.g006
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Discussion
Here we describe the development of a high-throughput fluorescent no-wash sodium influx assay using the sodium dye indicator ANG-2 and commercially available food dyes as quenchers. While the experimental protocol for ANG-2 outlines the need for a wash step, the addition of commercially available food dyes with ANG-2 negates the need for this step. In our hands, we found the wash step difficult to implement in 384-well format, as HEK293 cells stably expressing Na V 1.1-1.8 have low adherence, and often detach after the wash step despite the use of surfaces that improve cell attachment such as CellBIND and Poly-D-lysine. While all of the red-violet food dyes tested effectively quenched background fluorescence of ANG-2, we No-wash sodium influx assay chose to use Ponceau 4R in a non-analytical standard form (as the food coloring Pillar Box Red (Queen)), as it is inexpensive to purchase and thus economical for use as a quencher in high-throughput assay formats. Interestingly, out of all the food dyes tested, carmine had the poorest signal-to-noise ratio following addition of veratridine. (Fig 4A) This could be a result of carmine being membrane permeable (S2 Fig) and quenching the intracellular ANG-2 fluorescent signal. It should be noted that membrane permeability was not tested for the quenchers described here, and that incubation times beyond 30 min may result in increased levels of intracellular quenching and a loss of signal. For a quencher to be suitable for use in fluorescence-based assays, it must not directly act on or alter the pharmacology of the target of interest, it must be membrane impermeable and it must absorb in the wavelengths that overlap with the emission spectra of the ion indicator dye. Interestingly, the absorbance spectra of all the quenchers (both food dyes and commercial) overlapped with the emission and excitation wavelengths of the sodium and calcium indicator dyes, however this did not reduce the fluorescent signal when compared to the wash assay in our hands.
Ponceau 4R is not known to act on any ion channels or G protein-coupled receptors and is foodsafe. Our results support this, as Ponceau 4R did not alter the electrophysiology parameters of Na V 1.7 channels. In addition, potency values obtained for veratridine and tetracaine with Ponceau 4R were consistent with values obtained using other methods [12, 14] , indicating that Ponceau 4R does not alter the pharmacology of Na V channels. This therefore demonstrates that Ponceau 4R is suitable for use as a quencher in Na V channel assays, although the effects of Brilliant Black BN, Carmine, Allura Red and Amaranth on Na V channels remains to be confirmed. It should be noted that an additional advantage of using quenchers in a non-kit format is that pharmacological effects on the target of interest can be directly assessed. In contrast, the components of commercial no-wash kits are typically undisclosed, which can lead to unintentional assay artifacts that may be difficult to determine and eliminate.
We also provide a proof of concept that food dyes can be used as quenchers with other ion indicators dyes, including the calcium indicators fluo-4, fura-2 and fura-5F. While this has previously been shown for other food dyes, including Brilliant Black BN and Allura Red [5] [6] [7] , this is the first publication to systematically compare the spectra and quenching activity of a range of different food dyes alongside commercial quenchers. While many commercial nowash calcium assay kits are available, these generally contain undisclosed or proprietary quenchers, and accordingly are very expensive. The ability to replace commercial no-wash assay kits with a food dye quencher will reduce assay costs, allow more flexibility over the assay parameters, and enable individual testing of quenchers to ensure they do not interact with the assay target. The latter is important to check, as it has recently been reported that Brilliant Black BN is an allosteric modulator of adenosine receptors [15] .
In summary, we have developed a no-wash fluorescent sodium influx assay with a signalto-noise window that is suitable for both screening and pharmacological characterization of Na V channel activators and inhibitors. We have also identified several food dyes with peak absorbance in the wavelength range 495-575 nm that may be used as cheaper alternatives to commercial no-wash ion indicator kits. Author Contributions
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